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Description

FIELD OF THE INVENTION

[0001] This invention relates to methods of creating
colored materials by fixing ordered structures of magnet-
ite nanoparticles within a solid media, such that the or-
dered structures diffract light to create colors.

BACKGROUND

[0002] Superparamagnetic nanocrystals, or photonic
crystals, which are capable of forming ordered structures
that diffract light to create colors, have been previously
described. For example, Yin et al, Superparamagnetic
Magnetite Colloidal Nanocrystal Clusters, Angwantde
Chemie, 46:4342 (2007), Magnetically responsive colloi-
dal photonic crystals, Journal of Material Chemistry 18:
5041 (2008), Self-Assembly and Field-Responsive Op-
tical Diffractions of Superparamagnetic Colloids, Lang-
muir 24:3671 (2008), Assembly of Magnetically Tunable
Photonic Crystals in Nonpolar Solvents, JACS 131: 3484
(2009), and W0O2009/017525 all describe the synthesis
of magnetite nanocrystals, or photonic crystals, which
can be induced to form ordered structures when exposed
to a magnetic field. Furthermore, these ordered struc-
tures can be tuned by varying the strength of the magnetic
field such that different diffractive patterns and colors are
created. However these previous efforts have required
a constant magnetic field in order to maintain the ordered
structure and thus the color.

[0003] Accordingly, it would be desirable to have ma-
terials and methods comprising photonic nanocrystals
which can be tuned in a liquid medium to create ordered
structures which impart color, and which such ordered
structures can be fixed by converting the liquid medium
to solid. It would further be desirable to create ordered
structures of photonic crystals in a medium which can be
reversibly converted from liquid to solid, such that the
color can be changed.

SUMMARY

[0004] In its broadest scope, the invention described
herein comprises compositions and methods wherein or-
dered structures of photonic nanocrystals are created in
a liquid medium and then such structures are fixed by
converting the liquid medium to a solid. Further provided
are methods of reversibly fixing such structures, so that
ordered structures can be reversibly created in a liquid
medium, converted to solid, and then converted back to
liquid, wherein new ordered structures can be created
and again fixed.

[0005] In accordance with an exemplary embodiment,
a method of creating colored materials, comprises: fixing
ordered structures of magnetite nanoparticles within a
media, such that the ordered structures diffract light to
create colors.
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[0006] In accordance with another exemplary embod-
iment, a method of generating multicolored patterns com-
prises: fixing a structural color from a superparamagnetic
collidal nanocrystal clusters (CNC or CNCs); and intro-
ducing a high resolution patterning of multiple structural
colors using a single material.

[0007] Inaccordance with a further exemplary embod-
iment, a full color printing and particle encoding based
on artificial structural colors from a magnetically tunable
photonic crystal, the printing and particle encoding com-
prises: a plurality of magnetite nanoparticles; ethanol;
and a photocurable resin.

[0008] In accordance with another exemplary embod-
iment, a method of forming magnetochromatic micro-
spheres comprises: coating a plurality of magnetite na-
nocrystals with a medium; dispersing the plurality of coat-
ed magnetite nanocrystals in a curable solution; placing
the magnetite nanocrystals and curable solution in an
immiscible solution to form an emulsion; exposing the
emulsion to an external magnetic field, which aligns the
coated magnetite nanocrystals in one-dimensional
chains within emulsion droplets within the curable solu-
tion; and curing the emulsion droplets within the curable
solution into magnetochromatic microspheres.

[0009] Inaccordance with a further exemplary embod-
iment, a magnetochromatic composition formed by the
method as recited above, and wherein the composition
is used for a color display, signage, bio and chemical
detection and/or magnetic field sensing.

[0010] In accordance with another exemplary embod-
iment, a method of forming magnetochromatic micro-
spheres comprises: a simultaneous magnetic assembly
and UV curing process of an emulsion system comprised
of superparamagnetic Fe;0,@SiO, colloidal particles,
which are self-organized into ordered structures inside
emulsion droplets of UV curable resin.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011]

FIG. 1(a)is aschematic illustration of the mechanism
for generating multiple structural colours with a sin-
gle material, wherein FIG. 1(a) shows the main con-
cept of immobilization of structure of CNCs in photo-
curable resin having a superparamagnetic core and
ethanol solvation layer allows the stable dispersion
of the CNCs in the liquid resin, and upon the appli-
cation of an external magnetic field, CNCs are as-
sembled to form chain-like photonic crystal, and UV
exposure instantaneously fixes the ordered structure
in polymeric matrix.

FIGS. 1(b)-1(g) are schematic illustrations of the
multicolour patterning of structural colour with single
material by a sequential action of "tuning and fixing",
and wherein the diffraction wavelength is tuned by
varying the strength of magnetic fields, and spatially
patterned UV light polymerizes the photocurable res-
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inandfixes the position of ordered CNCs; and where-
in after polymerization, remnant liquid resin is
washed away with unreacted PEG-DA monomer so-
lution; and wherein FIG. 1(h) shows the mechanism
for creation of various colours from a single ink; and
wherein the UV curing of the M-ink under magnetic
fields with different strengths can freeze the chain-
like assemblies with different inter-particle distances
which determine the diffracted wavelength of light:
shorter diffracted wavelength for shorter interparticle
distance.

FIG. 2(a) is a reflection micrograph of multicoloured
structural colour generated by gradually increasing
magnetic fields, and wherein the microstructure (i)
is generated under no magnetic field, and micro-
structures (ii) to (viii) are generated under gradually
increasing strength of magnetic field from 130G to
700G.

FIG. 2(b) is a transmission micrograph of the same
sample of FIGS. 2(a) and 2(c), and the correspond-
ing spectra of the microstructures, and wherein the
microstructure (i) does not show any diffraction peak
in the visible range, and wherein the microstructures
(ii) to (viii) show the shift of the diffraction peak to the
shorter wavelength, and wherein the scale bars is
as follows: 100pumin FIGS. 2(a), 2(b), 2(e), 2(f); 1um
in FIG. 2(d), and 250p.m in FIGS. 2(g)-2(i).

FIG. 2(d) isan SEM image of the sliced cross section
of a photocured sample, and wherein the dimpled
surface profile shows the traces of chain-like order-
ing of CNCs.

FIG. 2(e) is an SEM image of concentric patterns of
a triangle, a square, a pentagon and a circle.

FIG. 2(f)isan SEM image of multicoloured barcodes.
FIG. 2(g) is an SEM image of a composite pattern
of strip and polygon.

FIGS. 2(h) and 2(i) are reflection and transmission
micrographs, respectively of a tree.

FIGS. 3(a)-3(g) show reflection intensity modulation
and spatial colour mixing of structural colour, and
having a scale bars as follows: 250pum in FIG. 3(a)
and 3(d), and 100pm in FIG. 3(g).

FIG. 3(a) is a 4-bit reflection intensity modulation by
the varying number of monotone structural colour
dots, and wherein each of the red dotted lines stands
for a pixel which shows distinct level of reflection
intensity.

FIG. 3(b) is a reflectance spectrum of the corre-
sponding 16 pixels of FIG. 3(a).

FIG. 3(c) is a monotone 4-bit image of Mona Lisa
which consists of 4800 pixels.

FIG. 3(d) is a spatial colour mixing of structural col-
our, wherein each pixel of 4 X4 matrix consists of
different colour dots, and each of which is size of
approximately 25um.

FIG. 3(e) is a corresponding reflectance spectra of
selected pixels in FIG. 3(d) (inset), and wherein the
green line in the spectra stands for the spectrum of
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(1,1) component of the pixel, orange line for the (1,2)
component, gray line for the mathematical addition
of the green and orange line, and blue line for the
normalized spectrum of full pixel.

FIG. 3(f) is a reproduction of butterfly, Papilo Palinu-
rus, and wherein the colour of wings in the repro-
duced image shows structural colour mixing by mix-
ing blue and yellow-green.

FIG. 3(g) is a magnification of wing area of FIG. 3
(f), which consists of blue and yellow-green dots, and
wherein each dot is the size of 16.7x16.7um?2 (~1500
DPI).

FIGS. 4(a)-4(f) show colour and shape encoded par-
ticles fabricated in microfluidic environment using a
single ink, wherein FIGS. 4(a)-4(c) are schematic
diagrams for generating encoded particles using M-
Inkin PDMS microfluidic channels; FIG. 4(d) is afree
floating encoded particle with various shape and col-
our around the PDMS anchor area; FIG. 4(e) is an
enlarged micrograph of FIG. 4(d), showing closely
packed particles with various colour and shape; and
FIG. 4(f) are heterogeneously encoded particles em-
bedded with small colour dots. Scale bars: 200um
in FIG. 4(d)-4(f).

FIG. 5(a) is a schematic of a synthetic procedure for
the magnetochromatic microspheres, where when
dispersed as emulsion droplets, superparamagnetic
Fe3;0,@SiO, core-shell particles self-organize un-
der the balanced interaction of repulsive and attrac-
tive forces to form one-dimensional chains, each of
which contains periodically arranged particles dif-
fracting visible light and displaying field-tunable
colors, and UV initiated polymerization of the oligom-
ers in emulsion droplets fixes the periodic structures
inside the microspheres and retains the diffraction
property.

FIG. 5(b) is an SEM image of Fe;0,@SiO, particle
chains embedded in a PEGDA matrix.

FIG. 5(c) are schematic illustrations and optical mi-
croscopy images for the magnetochromatic effect
caused by rotating the chain-like photonic structures
in magnetic fields.

FIG.6(a)is a schematicillustration of the experimen-
tal setup for studying the angular dependence of the
diffraction property of the magnetochromatic micro-
spheres.

FIG. 6(b) is a reflection spectrum and corresponding
digital photo recorded from a single
Fe;0,@SiO,/PEGDA microsphere at different ilting
angles.

FIGS. 7(a)-7(f) are optical microscopy images (500x)
of magnetochromatic microspheres with diffractions
switched between "on" (a, c, e) and "off" (b, d, f)
states by using external magnetic fields, and wherein
these microspheres were prepared using (a, b) 127,
(c, d) 154, and (e, f) 197 nm Fe3;0,@SiO, colloids.
FIG. 8(a) are dark-field optical microscopy images
of a series of Fe;0,@SiO,/PEGDA microspheres
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with diameters from approximately 150 pm to 4 um,
and wherein the larger microspheres were fabricated
in mineral oil and smaller ones in silicon oil.

FIGS. 8(b)-8(d) are top view to side view SEM im-
ages of the microspheres, showing some of the
Fe;0,@SiO, particle chains aligned on the surface
along the longitudinal direction, and wherein it should
be noted that a plurality of particle chains are em-
bedded inside the microspheres, with only ends oc-
casionally observable in the top view image (b).
FIGS. 9(a)-9(b) are statistical diagrams showing the
turning  threshold of field strength for
Fe;0,@SiO,/PEGDA microspheres with different
loadings of magnetic particles, wherein FIG. 9(a) is
8 and FIG. 9(b) is 6 mg Fe;0,/ml PEGDA, and
wherein the diagrams show the percentage of view-
able areawhich is turned on at certain field strengths,
and the corresponding accumulative curves.

FIGS. 10(a)-10(d) are schematic diagrams of the op-
tical response of Fez0,@SiO,/PEGDA micro-
spheresina(a,b)1.22and (c, d)3.33 Hz vertical/hor-
izontal alternating magnetic field, wherein Hs/Ho is
the ratio of reflection with H field to that without H
field.

FIGS. 11(a)-11(i) are digital photos and reflection
spectra of three types of Fe;0,@SiO,/PEGDA mi-
crospheres loaded in 1.8 X 1.8 X 0.1 cm glass cells
filled with PEG (Mw = 1500), wherein the diffraction
is switched on (a, d, g) or off (b, e, h) by melting the
PEG matrix, rotating the microspheres with a mag-
netic field, and finally cooling down the PEG matrix
to lock the sphere orientation such that bistable
states can therefore be maintained in the absence
of magnetic fields, and the corresponding reflection
spectra (c, f, i) display diffraction peaks at the "on"
stage and none at the "off" stage.

DETAILED DESCRIPTION

[0012] The invention described herein provides vari-
ous methods of fixing the ordered structure by (1) using
an external magnetic field to create ordered structures
of photonic crystals in a liquid medium, and (2) converting
the liquid medium to a solid medium to preserve the or-
dered structure, such that it remains when the external
magnetic field is removed.

[0013] In accordance with an exemplary embodiment,
the media (or medium) of the invention can be any media
or medium capable of phase change from a liquid to a
solid phase. Transparent, semi-transparent, or translu-
cent medium is preferred. Exemplary media include, but
are not limited to UV curable resins, such as polyethyl-
eneglycol diacrylate (PEGDA) oligomers in combination
with trace amount of photo initiator 2,2-Dimethoxy-2-phe-
nylacetophenone (DMPA), acrylic, epoxy, polyester,
stereolithography resins, or other liquid media capable
of being converted to a solid upon exposure to UV light.
The media of the invention further comprise light- cura-
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ble, temperature-curable, air-curable, and energy-cura-
ble liquid media capable of being converted to solid form.
In accordance with an exemplary embodiment, the in-
vention further comprises media which can be reversibly
converted from liquid to solid and back to liquid, such as
that described in "CARIVERSE resin: a thermally revers-
ible network polymer for electronic applications" Chang,
et al, Electronic Components and Technology Confer-
ence, 1999. 1999 Proceedings. 49th Volume , Issue ,
1999 Page(s):49 - 55 Polyethelene glycol films (polyeth-
ylene glycol films), and/or paraffin.

[0014] In accordance with an exemplary embodiment,
the media (or medium) of the invention can comprise a
film, beads, microspheres, and any 3-dimensional shape
which is desired.

[0015] The invention consists of ordering the photonic
crystals within the media (or medium) using an external
magnetic field to attain a desired spacing which will create
a desirable color by diffracting light, and then subjecting
the medium to conditions which cause it to convert to a
solid, which solidifies and fixes the photonic crystals in
the ordered structure such that the color is preserved.
[0016] In some embodiments, the solidification of the
media (or medium) results is done in bulk, in other em-
bodiments the solidification is performed on very small
scales to create and fix local regions of color, creating
fine features and the ability to create multi-colored pat-
terns.

[0017] Provided herein are two exemplary embodi-
ments of the invention. The first is a method of creating
detailed multicolored patterns by local tuning and fixing
of ordered structures. The second is a method of creating
microspheres containing fixed ordered structures. Fur-
ther provided is a method of creating a display using or-
dered structure containing microspheres.

FULL COLOUR PRINTING AND PARTICLE ENCOD-
ING BASED ON ARTIFICIAL STRUCTURAL COL-
OURS FROM A MAGNETICALLY TUNABLE PHOT-
ONIC CRYSTAL

[0018] It can be appreciated that many creatures in
nature, such as butterflies, beetles, and peacocks display
unique iridescent and metallic colors (or colours), known
as "structural colors" or "structural colours", which result
from the light interaction with periodic nanostructures on
their surface-6. Without relying on multiple pigments or
dyes, various colored patterns are cleverly produced us-
ing a single structural material by simply altering the di-
mension of the nanostructures. Cost-effective and scal-
able implementation of this feature in manufacturing
would greatly simplify production of multicolored goods
such as electronics, displays, and vehicles. There have
been many attempts to produce artificial structural color-
ed patterns using various bottom-up and top-down tech-
niques in a variety of research fields’-22. However, mim-
icking such nanostructures found in the natural world re-
quires state-of-the-art nanofabrication techniques that
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are expensive and not scalable. Especially, production
of multi-colors and patterning of such structure were not
possible with a single structural material.

[0019] A high resolution patterning and artificial pro-
duction of multiple structural colors based on successive
tuning and fixing the structural color of a single structural
material is demonstrated in accordance with an exem-
plary embodiment. In accordance with another exempla-
ry embodiment, a color tunable structural material, whose
color is magnetically tunable and lithographically fixable
is disclosed. Using photonic crystals, a curable resin, and
a specially designed lithographic instrument, fine nanos-
tructures for scalable production of a structural color can
be generated, tuned the color through the entire visible
spectrum by magnetically changing the dimension of the
nanostructures, and immobilized the nanostructures lith-
ographically to produce patterns with arbitrary spatial ar-
rangements of color. In addition, in accordance with a
further embodiment, two applications of the disclosed
system including high resolution color patterning for print-
ing and micro-scale particle encoding for bio-assays are
demonstrated. With the superior scalability and simplic-
ity, the multicolor production scheme as disclosed herein
can have a significant impact on the color production for
both special instruments and general consumer goods.
[0020] It can be appreciated that structural colors in
nature such as butterfly wings, beetle cuticles and pea-
cock feathers have attracted considerable attention in
diverse research areas’-6. Structural color shows many
characteristics different from chemical pigments or dyes.
For example, as can be found in the feathers of a pea-
cock, various colors result from the interaction of light
with a single biological material, melanin rods, and its
iridescent colors can be determined by the lattice spacing
of the rods®. In nature, a single biological material with
different physical configurations displays various colors
and it greatly simplifies the manufacturing process to pro-
duce multiple colors. The unique colors originating from
the physical structures are iridescent and metallic, and
cannot be mimicked by chemical dyes or pigments. Also,
structural color is free from photobleaching unlike tradi-
tional pigments or dyes.

[0021] Due to its unique characteristics, there have
been many attempts to make artificial structural color
through various technological approaches such as col-
loidal crystallization-18, dielectric layer stacking?920 and
direct lithographic pattering21.22. Colloidal crystallization
technique is most frequently employed to make a phot-
onic crystal, which blocks a specific wavelength of light
in the crystal and therefore displays the corresponding
color. Gravitational force?, centrifugal force®, hydrody-
namic flow®, electrophoretic deposition!® and capillary
force from the evaporation of solvents1-18 are utilized to
assemble the colloidal crystals. Although these methods
produce structural colors with large-area, the growth of
colloidal crystals usually takes a long time for better crys-
tallization and fewer defects. Also, since the band gap of
a photonic crystal is dependent on the size of colloids,
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different sizes of colloidal suspensions are needed to pro-
duce multicolored structures. Furthermore, there have
been great technological difficulties in assembling col-
loids of different sizes to form multicolored patterns with
fine resolutions.

[0022] Dielectriclayer stacking and lithographic patter-
ing of periodic dielectric material generate structural color
by directly controlling the submicrometer structure of the
surface. Diverse fabrication processes were reported
such as replicating natural substrates!?, depositing ma-
terials layer by layer20 and etching substrate using vari-
ous lithographic techniques21.22, These approaches are
advantageous in that they accurately fabricate periodic
dielectric structure on the surface, which controls the de-
sired photonic band gap. However, in spite of the advan-
tage of sculpting sophisticated nanostructures in a well
controlled manner, a cost-effective manufacturing
scheme to generate multicolored structures over a large
area is hard to achieve due to the requirement of a vac-
uum process. Moreover, great effort is necessary to pro-
duce multicolored patterns on a substrate since different
pitches of dielectric stacks are required for different
colors.

[0023] Recently, dynamic tuning of structural color with
a single material has been demonstrated by exerting an
external magnetic field on a solution of photonic crystals.
This magnetically tunable photonic crystal shows broad
tunability in its photonic band gap covering the whole
visible spectrum and has a fast response time23.24, How-
ever, the color of this material cannot be fixed perma-
nently because the external magnetic field is required to
maintain structural order. If one could instantaneously
‘freeze’ the photonic crystal structure of the photonic
crystals with great spatial resolution, the artificial pattern-
ing of various structural colors with a single material
would be possible.

[0024] In accordance with an exemplary embodiment,
an instantaneous fixing of structural color from photonic
crystals and introduce high resolution patterning of mul-
tiple structural colors using a single material, is described
herein. Both material system and special instrumentation
are developed to overcome the limitations of the previous
approaches to produce artificial structural colors. In ac-
cordance with an exemplary embodiment, the applica-
tions of this promising technology: structural color print-
ing for design materials and structural color encoded par-
ticles for biochemical assay are disclosed.

[0025] It can be appreciated that it would desirable to
generate multicolored patterns with high resolution using
a single material by repetitive tuning and fixing the struc-
tural color from the mixture of superparamagnetic phot-
onic crystals and photocurable resin (FIG. 1). In accord-
ance with an exemplary embodiment, the superpara-
magnetic photonic crystals, each consisting of many sin-
gle domain magnetite nanoparticles, which are capped
in a shells, which is preferably a silica shell?4. It can be
appreciated that the superparamagnetic photonic crys-
tals are any composition which can form ordered struc-
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tures when exposed to an external magnetic field, such
that the ordered structures diffract light to create color.
preferably the photonic crystals are composed of mag-
netite (Fe30,). In addition, the magnetite nanoparticles
can be coated in shells of other suitable mediums, in-
cluding but not limited to silica, titania (titanium oxide),
and/or polymers such as polystyrene and polymethyl-
methacrylate. The coating process provides a means to
obtain good dispersibility and promotes solvation repul-
sion in the photocurable solution or resin. The polymers
such as polystyrene and polymethylmethacrylate can be
used after a necessary surface modification. In accord-
ance with an exemplary embodiment, the thickness of
the silica coating can be controlled by controlling the
amount of silane precursors or the catalyst. The thick-
ness control can be found in (1) Ge, J. and Yin. Y., "Mag-
netically Tunable Colloidal Photonic Structuresin Alkanol
Solutions", Adv. Mater., 2008, 20, 3485-3491. (2) Yin,
Y.;Lu,Y.;Sun, Y.and Xia, Y., "Silver Nanowires Can Be
Directly Coated with Amorphous Silica to Generate Well-
Controlled Coaxial Nanocables of Silver/Silica", Nano
Lett. 2002, 2, 427-430.

[0026] It can be appreciated that in accordance with
an exemplary embodiment, in solution, the magnetite
particles are attracted to each other and will aggregate
unless treated to create balancing repulsive forces. Such
balancing forces can be created by solvating the particles
in a solution with a positive charge, which will repel neigh-
boring positively charged particles. Alkanols, ethanol,
and other solvation solvents can be used for this function.
Alternatively, coatings can be applied to the particles to
create optimal repulsive forces to balance the attraction
the magnetite particles will have for each other. For ex-
ample, the compositions and methods described in Unit-
ed States Provisional Patent Application Serial Number
61/154,717, "Assembly of magnetically tunable photonic
crystals in nonpolar solvents," can be employed to pro-
duce particles with the proper balance of attractive and
repulsive forces.

[0027] Without an applied external magnetic field, the
photonic crystals are randomly dispersed in the photo-
curable resin and display a brown color which is the in-
trinsic color of magnetite. Under the external magnetic
field, the photonic crystals are assembled to form chain-
like structures along the magnetic field lines25.26. Attrac-
tive magnetic force due to the superparamagnetic core
is balanced with repulsive solvation force, both of which
determine the inter-particle distance. The inter-particle
distance in a chain determines the color of the light dif-
fracted from the chain, which can be explained by Bragg
diffraction theory. Thus, the color can be tuned by simply
varying the inter-particle distance using external magnet-
ic fields of varying strength. Once the desired color is
obtained, it can be fixed by solidifying the photocurable
resin through UV exposure. The particle chains can be
frozen in the solidified polymer network without distorting
its periodic arrangements, thus retaining the structural
color.
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[0028] However, the above fabrication scheme previ-
ously could not be achieved because of the difficulty of
maintaining the tunability of photonic crystals in photo-
curable resin and the instantaneous immobilization of the
chain structure. A simple dispersion of CNCs in photo-
curable resin does not possess strong and long-range
repulsive inter-particle forces that can cooperate with the
magnetically induced attractive force to allow dynamic
tuning. Without a strong repulsion, the photonic crystals
irreversibly aggregate with each other when they are
pushed together upon application of the external mag-
netic fields27.28. A strong hydrogen bonding solvent such
as Alkanols can form a relatively thick solvation layer
around the particle surface which can provide strong re-
pulsion when two solvation layers overlap2?4. In accord-
ance with an exemplary embodiment, the problem of ag-
gregation and dynamic assembly in photocurable resin
has been solved by adding a small amount of ethanol to
the system. It can be appreciated that this three phase
system, composed of photonic crystals, ethanol, and
photocurable resin, can successfully stabilize the phot-
onic crystals and maintain the color tunability (FIG. 1(a)).
Once the photonic structures are fixed, the gradual evap-
oration of ethanol will not disturb the structural color.
[0029] The second challenge was to develop a rapid
solidification process to prevent distortion of photonic
nanostructure2®. In accordance with an exemplary em-
bodiment, a photopolymerization can be used to achieve
lithographic high resolution patterning of the photonic
crystals. In comparison to the other solidification methods
such as thermal curing, photocuring is instantaneous and
can rapidly fix the color of the photonic crystals achieved
by tuning the external magnetic field. Because of its in-
stantaneous nature, photocuring also allows localized
solidification for high resolution patterning by avoiding
significant free-radical diffusion during polymerization30,
making it possible to use techniques such as optofluidic
maskless lithography (OFML)31 for creating desired mi-
croscale patterns. Any UV or directed energy system ca-
pable of creating localized polymerization or curing of
liquid media to solid can be used. In accordance with an
embodiment, poly(ethylene glycol) diacrylate (PEG-DA
or PEGDA) with a photoinitiator (2,2-dimethoxy-2-phe-
nylacetophenone) can be used as the photocurable res-
in. Other suitable photocurable resins include ethoxylat-
ed trimethylolpropane triacrylate (ETPTA), PEG-DA of
various molecular weights (Mw: 258, 575, 700), 2-hy-
droxyethyl methacrylate (HEMA), methylmethacrylate
(MMA), acrylamide (AAm), allyamine (AM), and/or any
combination thereof.

[0030] In accordance with another exemplary embod-
iment, the instantaneous illumination of focused UV en-
ergy has been achieved by exploiting the previously re-
ported OFML system, a versatile tool for dynamically
generating heterogeneous microstructures by in-situ
photopolymerization in microfluidic environment. Fast
microelectromechanical system (MEMS) based spatial
lightmodulator inside the system provides instantaneous
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illumination (less than (<) 80ms) of patterned UV light to
the photocurable resin31:32, Using this system, the chain
structure can be preserved without distortion. Compared
with the traditional methods for generating structural
color by the slow growth of colloidal photonic crystals,
the magnetic assembly followed by photopolymerized
immobilization can be accomplished within seconds with
a high degree of spatial control.

[0031] Various multicolored patterns can be generated
with a single material by a sequential process involving
cooperative actions of magnetic field modulation and
spatially controlled UV exposure (FIG. 1(b)-(g). In ac-
cordance with an exemplary embodiment, a PEG coated
glass slide was used as a substrate to avoid adhesion of
the photonic crystals onto the surface of a bare glass
slide. A thin layer of photonic crystals in curable liquid
resin is then deposited on the substrate (FIG. 1(b). Once
a desired color of the photonic crystals is obtained by
exerting a magnetic field, the patterned UV exposure fix-
esthe colorlocally, producing a colored pattern at specific
regions (FIG. 1(c)). Then, the color of uncured liquid resin
is changed by simply varying the strength of magnetic
field. Subsequent controlled UV exposure produces an-
other colored pattern in a different location (FIG. 1 (d)).
Asiillustrated by FIG. 1(b)-1(g), micropatterns with differ-
ent structural colors (FIG. 1(h)) can be easily formed by
repeating this "tuning and fixing" process. No movement
of substrate is required for deposition of multiple ink ma-
terials since the photonic crystal solution is deposited
only once at the beginning of the process. Also multiple
patterns can be exposed without movement of both sub-
strate and mask since the OFML system dynamically
controls the pattern of multiple UV exposure without the
need of changing physical photomasks. Therefore, the
methods as described herein combine the advantages
of photonic crystals and OFML, and can achieve high
resolution heterogeneous patterning rapidly by eliminat-
ing the need for alignment and registration.

[0032] In order to demonstrate the concept of gener-
ating structural color with a single ink, multicolor struc-
tures were fabricated by the method as described above.
The reflective optical microscope image (FIG. 2(a)) and
the corresponding spectrum data (FIG. 2(c)) of each
microstructure shows gradual color changes from red to
blue as the applied magnetic field strength is gradually
increased. This gradual increase in external magnetic
field induces increasing attractive force between the in-
duced magnetic dipole moment of photonic crystals,
thereby decreasing the inter-particle distance in a chain.
In agreement with the Bragg diffraction theory, the spec-
tra blue shift as the result of the gradual decrease in the
inter-particle distance. It is worth noting that this tuning
of the colors of photonic crystals does not suffer from
hysteresis and is very reproducible due to the paramag-
netic nature of photonic crystals. Furthermore, the wide
tuning range covering the whole visible spectrumis owing
to the strong magnetic attractive force from the super-
paramagnetic property of photonic crystals as well as the
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repulsive forces with comparable strength. In this case,
the repulsion is composed of the relatively weak but long-
range electrostatic force and the relatively strong but
short-range solvation force resulting from the ethanol sol-
vation layer of the photonic crystals. Colors of the corre-
sponding microstructures shown in the transmission mi-
croscope (FIG. 2(b)) are all brownish, the intrinsic color
of magnetite, which are quite different from those of the
reflective optical microscope image. This unique differ-
ence between the reflection image and the transmission
image further proves the formation of structural color,
whose coloration mechanism is not based on the absorp-
tion of light like typical pigments and dyes. Since the pho-
tonic crystal structure can be frozen within the polymeric
matrix, the chain structures directly were confirmed,
which usually de-assembles in solution after removal of
the magnetic field. As shown in FIG. 2(d), a scanning
electron microscope (SEM)image of the sliced cross sec-
tion with laser microtome of the cured resin reveals that
the diffraction of structural color does come from the pe-
riodic arrangement of the particles in the chain. The dim-
pled structures of the sliced cross sectional plane are the
traces of the ordered photonic crystals. Also, this shows
that the photopolymerization by OFML preserves the
original chain structure formed in the liquid phase.
[0033] By controlling the UV exposure pattern and
magnetic field strength as described in FIG. 1, it can be
appreciated that a high resolution patterning of multiple
structural colors with different geometries and colors can
be produced. FIG. 2(e) shows four different multicolored
patterns, and each of them is fabricated with five con-
centric UV patterns under various magnetic field intensi-
ties. Furthermore, barcoded microstructures composed
of sixteen colorful strips are also fabricated by sixteen
sequential exposures (FIG. 2(f)). It can be appreciated
that there is no alignment error since there is no move-
ment of the substrate during the exposure. The width of
the bar code is only 10 um which shows high resolution
spatial patterning of structural colors. Spatial positioning
of a smallest feature of structural color depends on the
size of diffracting unit and resolution of the lithography.
Since the size of CNCs (approximately 170 nm)is smaller
than the resolution of our optical system, the spatial po-
sitioning of the structural color is mainly determined by
the resolution of the optical system, which can be en-
hanced up to the limit of typical optical lithographic
resolutions33. Colorful heterogeneous microstructures of
any desired shape and color are easily achieved as
shown in FIGS. 2(g)-2(i).

[0034] For detailed depiction of animage, not only pro-
ducing structural color of single color depth as shown in
FIG. 2, but also grayscale modulation and color mixing
are required to broaden the ability of color expression.
The proposed scheme of generating structural color can
easily be merged with well developed reprographic tech-
niques such as halftoning and dithering34.35, and broad-
en the capability of color expression. Current digital re-
prographic technique expresses grayscale by varying



13 EP 2 419 479 B1 14

density of dots in a pixel which is smaller than the human
eye’s resolution. In accordance with an exemplary em-
bodiment, analogous to traditional grayscale expression,
the overall reflection intensity can be modulated by the
number of color dots, and present similar grayscale ef-
fects. For the proof-of-concept demonstration, 16 pixel
arrays were generated, and each of them consists of
25pumx25um dots whose configuration is based on the
Bayer pattern34 (FIG. 3(a)). Reflection intensity shown
in FIG. 3(b) verifies 16 distinct intensity levels of corre-
sponding pixel arrays. As an example for reflection in-
tensity modulation, as shown in FIG. 3(c) a 4-bit mono-
tone image of Mona Lisa, a 16th century Italian portrait
by Leonardo da Vinci was reproduced. Reflection inten-
sity of each pixel is modulated by varying the density of
dots with 16 levels.

[0035] Besides the reflection intensity modulation,
spatial color mixing can be achieved by parallel distribu-
tion of color dots. Quantized dot arrays composed of dif-
ferent colors can be seen as a single mixed color when
their size is below human eye’s resolution. To demon-
strate spatial color mixing of the structural color, a 16
pixel arrays was fabricated (FIG. 3(d)), and each pixel is
composed of 16 dots of 2 or 3 different colors. Spectrum
of color mixed pixel (FIG. 3(e)) shows that simple sum-
mation of the two different color spectrum results in the
total reflection spectrum, proving the spatial mixing of the
distinct structural colors. It can be appreciated that this
simple spatial mixing scheme of structural color exists in
nature. An Indonesian butterfly, Papilo Palinurus, shows
green on its wings, which results from the spatial mixing
of structurally colored blue and yellow2. Following the
scheme of spatial color mixing, as shown in FIG. 3(f), a
butterfly was artificially reproduced, Papilo Palinurus by
biomimetically mixing structural colors from created by
small dots of photonic crystals fixed at different colors.
Magnification of the printed wing area at FIG. 3(f) shows
different color dots, and each of which is the size of 16.7
x 16.7um2 and well below the regular human eye’s res-
olution so that spatially distributed dots can be seen as
a single mixed color. Spatial color mixing makes it pos-
sible to broaden the expression range of structural color.
It can be appreciated that a realizable possibility of struc-
tural color printing with fine resolution can be achieved
with the described technique.

[0036] By exploiting the capability of precise color and
shape patterning with a single material, producing struc-
tural colors are not limited to the fixed structure on the
substrate, but can be expanded to the free floating micro-
structures in a microfluidic environment as color and
shape encoded particles. In the field of analytical chem-
istry and bioscience, multiplexed assays in microfluidic
environments have attracted much attention due to their
capability for high throughput screening for drug discov-
ery and gene expression profiling with precise controlla-
bility of a small volume of reactants. Various techniques
to generate encoded particles have been reported such
as semiconductor quantum dots36.37  metallic
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barcode38, and dot-coded particles3®. In contrast to the
case of quantum dot coding where precise loading of
quantum dots of different sizes is required to produce
distinct encoded particles, encoding with the invention
has the advantage of simultaneous shape and color cod-
ing in a single step by using a single material in a micro-
fluidic environment.

[0037] In microfluidic channels made of polydimethyl-
siloxane (PDMS) and PDMS coated glass substrate, by
virtue of an oxygen lubricating layer, microparticles gen-
erated by free-radical photopolymerization can move
along the flow stream without being stuck to the channel
walls40. Using this property, various color and shape en-
coded particles can be generated under distinct levels of
magnetic field intensity with patterned UV light using
OFML (FIG. 4(a)-4(c)). To demonstrate the concept, the
liquid curable resin containing photonic crystals was in-
jected into the microfluidic channel, and generated mi-
croparticles by in-situ photopolymerization guided by pat-
terned UV light under different magnetic fields (FIGS.
4(d)-4(e)). The encoded particles are caught at the
PDMS anchors and the remnant liquid resin is washed
out with PEG-DA monomer solution. Morphologies of
these structures are not restricted to regular polygonal
shape, but can be designed to any desired shape as dis-
played in FIG. 4. Heterogeneous encoded particles em-
bedded with smaller color dots were generated by se-
quential UV exposure under various magnetic fields (FIG.
4(f)). The expression of graphical code, similar to the
pattern shown in FIG. 2, is limitless due to the flexibility
of controlling colors and shapes.

[0038] It can be appreciated that in accordance with
an exemplary embodiment, a high resolution patterning
of multiple structural colors by a single material has been
demonstrated, of which the color is magnetically tunable
and lithographically fixable. The versatile material, is de-
veloped by magnetically assembling superparamagentic
photonic crystals into chain-like ordered structures in
photocurable resin through the balanced interaction of
magnetically induced attractive force and the repulsive
forces. A unique process for immobilization of the color
of photonic crystals is developed by taking advantage of
the instantaneous nature of the OFML system. By com-
bining photonic crystals , curable resin and OFML tech-
nique, two important applications in pattern printing and
microparticle encoding all based on the artificial structural
color of photonic crystals have been demonstrated. The
described approach represents a novel multicolor pat-
terning technique, which produces colorful patterns con-
veniently from a single ink instead of using many different
inks for different colors. It can be appreciated that the
photonic crystals based system opens a door to the wide
use of structural color for various potential applications
including structural colored design materials, reflective
displays, and bioanalytical assay.
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METHODS
Material

[0039] In accordance with an exemplary embodiment,
the three phase mixture of photonic crystals, solvation
liquid and photocurable resin is used. photonic crystals
were synthesized based on previously described
protocols24, which were initially dispersed in ethanol.
photonic crystals were collected by magnetic separation,
and re-dispersed in photocurable resin without complete
desiccation of ethanol. Remnant ethanol is used as a
solvation liquid. In accordance with an embodiment, po-
ly(ethylene glycol) diacrylate (PEG-DA, Sigma-Aldrich,
M,=258) with 5 wt% of photoinitiator (2,2-dimethoxy-2-
phenylacetophenone, Sigma-Aldrich) as the photocura-
bleresinwas used. It can be appreciated that other photo-
curable resins can include ethoxylated trimethylolpro-
pane triacrylate (ETPTA), various molecular weights
(Mw: 258, 575, 700) of PEG-DA, 2-hydroxyethyl meth-
acrylate (HEMA), methylmethacrylate (MMA), acryla-
mide (AAm), allyamine (AM) and combinations thereof
or any other material capable of being converted from
liquid to solid by exposure to energy of certain wave-
lengths. Alternatively, any material capable of being con-
verted from liquid to solid by exposure to temperature,
energy, or other factors can be used.

[0040] Mixture of photonic crystals and photocurable
resin were vortexed for 5 min. For structural color printing,
slide glass coated with PEG layer was made by depos-
iting poly(ethylene glycol) diacrylate (PEG-DA, Sigma-
Aldrigh, M,,=258) with 5 wt% of photoinitiator (2,2-dimeth-
oxy-2-phenylacetophenone), and photopolymerize with
UV light. For particle encoding, microfluidic channel was
generated using the method based on standard soft li-
thography. Microfluidic channel with the height of 40pm
was used.

Immobilization setup

[0041] In accordance with an exemplary embodiment,
a NdFeB (Neodymium Iron Boron) permanent magnet
was used to generate magnetic field which was attached
to the vertical stage at the microscope. For the dynamic
controlling of magnetic field, an electromagnet coupled
to the voltage controller was used. The photopolymeri-
zation setup used in this work was based on the optoflu-
idic maskless lithography system31. Exposure pattern of
UV light was controlled by digital micromirror array (DMD,
Texas Instrument) synchronized with the electromagnet,
pattern of DMD and UV exposure.

Optical characterization

[0042] Optical micrographs were acquired by true-
color charge coupled device (CCD) camera (DP71, OI-
ympus) which is directly aligned to the inverted micro-
scope (1X71, Olympus). Spectrum data was acquired by
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spectrometer (Acton, Princeton Instrument) which is con-
nected to the inverted microscope (Eclipse Ti, Nikon).
Built-in field stop shutter in the spectrometer was used
for isolating optical signal from background noise and
other neighboring particles. FIG. 3(c) and FIG. 3(f) were
obtained with the commercially available digital camera
(IXUS 870 IS, Canon).

MAGNETOCHROMATIC MICROSPHERES

[0043] In accordance with an exemplary embodiment,
a method of forming magnetochromatic microspheres,
and more particularly to a method of forming magneto-
chromatic microspheres by a simultaneous magnetic as-
sembly and UV curing process of an emulsion system
comprised of superparamagnetic Fe;0,@SiO,, colloidal
particles, which are self-organized into ordered struc-
tures inside emulsion droplets of UV curable resin.
[0044] Photonic crystal materials with band gap prop-
erty responsive to external stimuli have important appli-
cations in bio- and chemical sensors, color paints and
inks, reflective display units, optical filters and switches,
and many other active optical components.41-49 Colloidal
crystals, which can be produced conveniently by self-
assembling uniform colloidal particles, have been partic-
ularly useful for making responsive photonic materials
because active components can be incorporated into the
crystalline lattice during or after the assembly process.
The majority of research in the field therefore has been
focused on tuning the photonic properties of colloidal sys-
tems through changes in the refractive indices, lattice
constants, or spatial symmetry of the colloidal arrays up-
on the application of external stimuli such as chemical
change, temperature variation, mechanical forces, elec-
trical or magnetic fields, or light.46-66 However, wide use
of these systems in practical applications is usually ham-
pered by slow and complicated fabrication processes,
limited tunability, slow response to the external stimuli,
and difficulty of device integration.

[0045] Because the photonic band gap is highly de-
pendent on the angle between the incident light and lat-
tice planes, an alternative route to tunable photonic ma-
terials is to use external stimuli to change the orientation
of a photonic crystal. For easy fabrication, actuation and
broader applications, it is highly desirable that the phot-
onic crystals can be divided into many smaller parts
whose orientation can be controlled individually or col-
lectively as needed by using external stimuli. Photonic
crystal microspheres, or "opal balls", have been previ-
ously demonstrated by Velev et al. in a number of pio-
neering works by using monodispersed silica or polysty-
rene beads as the building blocks.67:68 The brilliant colors
associated with these three-dimensional periodic struc-
tures, however, can not be tuned due to lack of control
over the orientation of the microspheres. Xia et al. have
introduced magnetic components into a photonic micro-
crystal so that its diffraction can be changed by rotating
the sample using external magnetic fields.6® However, it
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has not been demonstrated that one can synthesize mul-
tiple copies of such micro-photonic crystals, align them
synchronically, and collectively output uniform color sig-
nals.

[0046] Accordingly, itwould be desirable to have a syn-
thetic procedure for the manufacturing of solid micro-
spheres containing ordered structures of photonic crys-
tals, which can be called magnetochromatic micro-
spheres. Provided here in is an exemplary embodiment
for the creation of such magnetochromatic microspheres,
wherein dispersed in emulsion droplets, superparamag-
netic Fe;0,@SiO, core-shell particles self-organize un-
der the balanced interaction of repulsive and attractive
forces to form one-dimensional chains, each of which
contains periodically arranged particles diffracting visible
light and displaying field-tunable colors. In addition, it
would be desirable to have a method and/or process,
which utilizes UV initiated polymerization of the oligomers
in the emulsion droplets to fix the periodic structures in-
side the microspheres and retain the diffraction property.
[0047] In accordance with an exemplary embodiment,
magnetochromatic microspheres can be fabricated
through instant assembly of superparamagnetic photonic
crystals inside emulsion droplets of UV curable resin fol-
lowed by an immediate UV curing process to polymerize
the droplets and fix the ordered structures. When dis-
persed in the liquid droplets, superparamagnetic
Fe3;0,@SiO, core-shell particles self-organize under the
balanced interaction of repulsive and attractive forces to
form one-dimensional chains, each of which contains pe-
riodically arranged particles diffracting visible light and
displaying field-tunable colors. UV initiated polymeriza-
tion of the oligomers of the resin fixes the periodic struc-
tures inside the droplet microspheres and retains the dif-
fraction property. Because the superparamagnetic
chains tend to align themselves along the field direction,
it is very convenient to control the orientation of such
photonic microspheres and accordingly, their diffractive
colors, by changing the orientation of the crystal lattice
relative to the incident light using magnetic fields. The
excellent stability together with the capability of fast on/off
switching of the diffraction by magnetic fields makes the
system suitable for applications such as color display,
signage, and sensing. In accordance with an exemplary
embodiment, a display unit that has on/off bistable states
can be fabricated by embedding the magnetochromatic
microspheres in a matrix that can thermally switch be-
tween solid and liquid phases. It can be the matrix can
be a paraffin, long-chain alkanes, esters, primary alco-
hols, non-crosslinked polymers such as polyethylene,
poly(ethylene oxide), polyethylene-block-poly(ethylene
glycol), and/or polyesters or any other material capable
of being reversibly converted from liquid to solid.
[0048] It can be appreciated that among potential ex-
ternal stimuli, a magnetic field has the benefits of con-
tactless control, instant action, and easy integration into
electronic devices, though it has only been used limitedly
in assembling and tuning colloidal crystals due to the
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complication of the forces that are involved.”0-72 In ac-
cordance with an exemplary embodiment, a series of
magnetically tunable photonic crystal systems have been
developed through the assembly of uniform superpara-
magnetic (SPM) colloidal particles in liquid media with
various polarities.”3-77 It can be appreciated that in ac-
cordance with an exemplary embodiment, the assembly
of such photonic crystals includes the establishment of
a balance between the magnetically induced dipolar at-
traction and the repulsions resulted from surface charge
or other structural factors such as the overlap of solvation
layers. This finely tuned dynamic equilibrium leads to the
self-assembly of the magnetic colloids in the form of chain
structures with defined internal periodicity along the di-
rection of external field, and also renders the system fast,
fully reversible optical response across the visible-near-
infrared range when the external magnetic field is ma-
nipulated.

[0049] In accordance with an exemplary embodiment,
amagnetically responsive photonic system has been de-
veloped, wherein photonic crystal microspheres whose
orientation and consequently photonic property can be
easily controlled by using external magnetic fields. In ac-
cordance with an exemplary embodiment, the fabrication
of microspheres involves instant assembly of photonic
crystals inside emulsion droplets of UV curable resin and
then an immediate UV curing process to polymerize the
droplets and fix the ordered structures. It can be appre-
ciated that unlike "opal balls" whose orientation cannot
be controlled, fixing of photonic crystals chains makes
microspheres magnetically "polarized" so that their ori-
entation becomes fully tunable as the SPM chains always
tend to align along the external field direction. In addition,
it can be appreciated that multiple copies of photonic
crystal microspheres can be fabricated in a single proc-
ess, and their orientation can be synchronically tuned to
collectively display a uniform color. It can be appreciated
that the photonic microsphere system as disclosed does
notinvolve the nanoparticle assembly step, and therefore
has several advantages. These advantages include
long-term stability of optical response, improved toler-
ance to environmental variances such as ionic strength
and solvent hydrophobicity, and greater convenience for
incorporation into many liquid or solid matrices without
the need of complicated surface modification. For exam-
ple, in accordance with an exemplary embodiment, it can
be appreciated that the magnetochromatic microspheres
can be incorporated into a matrix, which can reversibly
change between liquid and solid phases, to produce a
switchable color display system whose color information
can be switched "on" and "off" multiple times by means
of an applied magnetic field.

[0050] The synthetic procedure of magnetochromatic
microspheres in accordance with an embodiment is illus-
trated in FIG. 5(a). As shown in FIG. 5(a), the magnetic
iron oxide or magnetite (y-Fe,O5 or Fe30,4) SPM particles
are first coated with a thin layer of silica (i.e., a medium)
to obtain good dispersibility and certain solvation repul-
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sion in the curable (or photocurable) solution. It can be
appreciate that besides silica, titania (titanium oxide) and
some polymer such as polystyrene and polymethylmeth-
acrylate might be used instead after necessary surface
modification. The thickness of the silica coating can be
controlled by controlling the amount of silane precursors
or the catalyst. The controlling of the thickness of the
silica can be found in our previous publications: (1) Ge,
J.and Yin. Y., "Magnetically Tunable Colloidal Photonic
Structures in Alkanol Solutions", Adv. Mater., 2008, 20,
3485-3491.(2) Yin, Y.; Lu,Y.; Sun, Y. and Xia, Y., "Silver
Nanowires Can Be Directly Coated with Amorphous Sil-
ica to Generate Well-Controlled Coaxial Nanocables of
Silver/Silica", Nano Lett. 2002, 2, 427-430.

[0051] The silica coated Fe;O, SPM particles can be
dispersed in a liquid UV curable resin preferably contain-
ing mainly polyethyleneglycol diacrylate (PEGDA) oli-
gomers and a trace amount of photo initiator 2,2-Dimeth-
oxy-2-phenylacetophenone (DMPA). It can be appreci-
ated that other suitable photocurable resins can be used
including but not limited to ethoxylated trimethylolpro-
pane triacrylate (ETPTA), and/or polyethyleneglycol di-
acrylate (PEGDA) of various molecular weights (i.e., Mw:
258, 575, 700), 2-hydroxyethyl methacrylate (HEMA),
methylmethacrylate  (MMA), acrylamide (AAm),
allyamine (AM) and/or any combination thereof. Alterna-
tively, any medium capable of being converted from liquid
to solid such that ordered structures of photonic crystals
are fixed within can be used.

[0052] The Fe;0,/PEGDA mixture is then dispersed
in a viscous non-polar solvent (or immiscible liquid) such
as silicone oil or mineral oil under mechanical stirring,
which leads to the formation of an emulsion. It can be
appreciated that besides silicone oil or mineral oil, the
immiscible liquid can be paraffin oil or any oil immiscible
liquid with the curable solution, and with appropriate den-
sity and inertness to polymerize.

[0053] Upon the application of an external magnetic
field, the SPM particles self-assemble into ordered struc-
tures inside the emulsion droplets when the magnetically
induced attraction reaches a balance with repulsive in-
teractions including electrostatic and solvation forces.”®
In accordance with an exemplary embodiment, animme-
diate 365-nm UV illumination quickly polymerizes the
PEGDA oligomers to transform the emulsion droplets into
solid polymer microspheres, and at the same time per-
manently fixes the periodic SPM structures.’8 It can be
appreciated that any suitable photolithography setup with
UV light preferably in the range of approximately 240 nm
(DUV) to 365 nm (I-Line) can be used with this system
to fix the photonic structures in the resin (typical aligner
or stepper). In addition, traditional mask-defined beam
patterning usually requires mechanical movement of the
physical mask so that any alignment error is inevitably
incorporated. However, the Maskless-Lithography pro-
posed has the capability of high resolution patterning
over the lithography with the physical photomasks.
[0054] In accordance with an exemplary embodiment,
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microspheres with different colors can be obtained by
controlling the periodicity of the SPM assembly through
the variation of the external magnetic field during the UV
curing process. It can be appreciated that due to the
short-range nature of the solvation force, the range of
color that can be produced from a single Fe;0,/PEGDA
mixture can be limited.”® However, in accordance with
an exemplary embodiment, in order to produce micro-
spheres with largely different colors such asred and blue,
Fe;O,4 particles with different initial sizes or with SiO,
coatings of different thicknesses can be used. In accord-
ance with an exemplary embodiment, the diameter of the
microspheres typically is preferably in the range of ap-
proximately 1 um to 300 uwm, and more preferably ap-
proximately 10 um to 100 wm, depending on the type of
oil and the speed of mechanical stirring.

[0055] In accordance with an exemplary embodiment,
the microspheres are preferably large than 10 microme-
ter (wm), which will present a consistent color, which is
mainly contributed by the straight photonic chain struc-
tures inside the microsphere. However, it can be appre-
ciated that microspheres smaller than 10 pum can be
used. Once made uniformly in size, it can be appreciated
that each of the microspheres should display the same
color with magnetic tunability.

[0056] The fixation of the periodic SPM particles in the
cured polymer matrix can be verified by inspecting a sec-
tion that is cut from a sample along the chain direction.
As shown in the scanning electron microscopy (SEM)
image in FIG. 5(b), parallel particle chains with regular
interparticle spacing can be easily observed, providing
direct support of the one-dimensional ordering of the
SPM particles proposed in previous studies.”27577 |n ac-
cordance with an exemplary embodiment, since the cut-
ting is not strictly along the chain direction, usually part
of the chain is embedded inside the polymer and part of
it has been peeled off, leaving behind regular cavities. It
can be appreciated the separation between neighboring
chains is typically on the order of a few micrometers due
tothe strong inter-chain repulsion induced by the external
field.”s

[0057] The diffraction of the microspheres dispersed
in a liquid can be conveniently switched between "on"
and "off" states by using the external magnetic field, as
shown in the schematic illustrations and optical micros-
copy images in FIG. 5(c). In a vertical field, the particle
chains stand straight so that their diffraction is turned
"on" and the corresponding color can be observed from
the top. Each bright green dot in the optical microscopy
image actually represents one vertically aligned particle
chain. On the contrary, when the field is switched hori-
zontally, the microspheres are forced to rotate 90° to lay
down the particle chains so that the diffraction is turned
off and microspheres show the native brown color of iron
oxide. It can be appreciated that the particle chains can
be directly observed by careful inspection of the micro-
spheres through optical microscopy. The rotation of mi-
crospheres is instant, and synchronized with the manual
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movement of external fields, as supported by the videos
in the supplementary information.

[0058] Depending on the direction of the external mag-
netic field, the particle chains can be suspended at any
intermediate stage between the on/off states with a spe-
cific tilting angle (0). In accordance with an exemplary
embodiment, the dependence of diffraction peak wave-
length (1) and intensity on the tilting angle () using an
optical microscope coupled with a spectrometer is shown
in FIG. 6. While the magnetic field is tuned within the
plane constructed by the incidentlight and back scattered
light, the diffraction from an isolated microsphere is re-
corded correspondingly by the spectrometer, as sche-
matically shown in FIG. 5(a). It can be appreciated that
the diffraction peak blue-shifts with decreasing intensity
when the magnetic field direction is manipulated away
from the angular bisector of incident light and back scat-
tered light (6 ~ 14.5°). FIG. 5(b) shows the spectra and
corresponding microscopy images when the angle 0 is
tilted from +10° to -30°. Such a change in the diffraction
peak position and intensity closely resembles the char-
acteristics of a one-dimensional Bragg photonic crystal,
as proven by the close match between the experimental
results and theoretical simulations. Beyond -30°, the dif-
fraction intensity is very low so that the photonic state of
the microsphere can be practically considered as "off".
FIG. 7 demonstrates the complete on/off switching of
magnetochromatic microspheres that originally diffract
blue, green and red light. These microspheres are syn-
thesized by starting with SPM particles with average di-
ameters of 127, 154, 197 nm. It can be appreciated that
by mixing of RGB (Red, Green and Blue) microspheres
in various ratios can produce a great number of colors
that can be collectively perceived by human eyes.
[0059] In accordance with an exemplary embodiment,
the average size of the microspheres can be controlled
using the simple dispersing process through the choices
of the oil type and the speed of mechanical stirring. It can
be appreciated that several methods including those us-
ing microfluidic devices are available to produce mono-
dispersed microdroplets.”9-83 In general, using high
speed stirring and viscous oils leads to the formation of
smaller emulsion droplets. The microspheres prepared
in mineral oils have average diameters above 50 pum,
and those prepared in silicone oils have average diam-
eters less than 30 um.

[0060] FIG. 8(a) shows a series of dark-field optical
microscopy images of differently sized microspheres se-
lected from the samples made by using the same
Fe;0,/PEGDA mixture but with either mineral oil or sili-
cone oil as the continuous phase. Vertical external fields
are applied so that these microspheres are all at the "on"
state. Microspheres larger than 10 wm containing particle
chains with spacing such that they reflect red light all
display the expected red color, which comes from the
diffraction of a plurality of vertically aligned particle
chains. Bright red dots, which contribute to the overall
production of red color, can be clearly observed inside
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the microspheres when they are imaged at higher mag-
nification. However, in the case of microspheres 10 pum
and smaller containing similarly spaced particle chains,
fewer red dots can be observed in the center. Instead,
contribution of the diffraction from the edge to the overall
color ofthe microspheres gradually increases, with a pro-
gressive blue-shift from orange to yellow and eventually
yellow-green as the microsphere size is reduced. This
phenomenon can be explained by the unique self-as-
sembly behavior of SPM particles in the PEGDA droplets.
[0061] FIGS. 8(b)-(d) show the top-view and side-view
SEM images of the typical microspheres, suggesting that
the SPM particle chains are not only embedded inside
the microspheres in the form of straight strings but also
laid on the curved surface along the longitudinal direction.
The "bent" assembly of SPM particles on the microsphere
surface can be attributed to the combined effect of the
spherical confinement of the emulsion droplets and the
magnetically induced strong repulsive force perpendic-
ular to the direction of the external field. The bent surface
assemblies can be viewed as chains tilted from the ver-
tical direction with the degree of tilting determined by the
curvature of the microspheres. As the microspheres be-
come smaller, the curvature becomes larger and the ti-
tling angle increases, leading to a blue-shift of the dif-
fraction. Additionally, the higher surface to volume ratio
of smaller microspheres may also increase the ratio of
surface chains to embedded ones and eventually change
the overall diffracted color of the spheres. For micro-
spheres larger than 10 pum, the embedded straight as-
semblies dominate and the bending of the surface as-
semblies is small, so thatthe microspheres show uniform
colors.

[0062] The optical response of the microspheres to the
external magnetic field was characterized by the switch-
ing threshold of field strength and switching frequency,
which describe how strong of an external magnetic field
is required to rotate the microspheres and how fast the
microspheres respond to the changes in the magnetic
field, respectively. First, a low concentration of micro-
spheres dispersedin a density matched solvent- PEGDA
liquid were used to measure the switching threshold. The
dispersion was sandwiched between two hydrophobic
glass slides to avoid adhesion to the glass substrate.
With increasing magnetic field strength, the micro-
spheres were gradually turned "on" and digital photos
were taken after approximately 5 seconds of every
change in the field strength. FIG. 9 shows the statistic
diagrams of the percentage of microspheres (counted in
viewable area) that have been turned "on" in an increas-
ing field for two samples with differentloading of the mag-
netic materials. The corresponding accumulative curves
are also plotted from the diagrams. It has been found that
the loading of the magnetic materials in the micro-
spheres, and not the sphere size is one of the factors,
which determines the switching threshold of the field
strength. For microspheres with low magnetic loading (8
mg Fe3z0,4/mL PEGDA), 80% of them can be turned on
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in a magnetic field of approximately 180 Gauss; while for
microspheres containing more SPM particles (16 mg
Fe3;04/mL PEGDA), only a 100 Gauss magnetic field is
required to turn on the same number of spheres.
[0063] The switching of diffraction could be accom-
plished rapidly (i.e., less than approximately 1 second (<
1's)) in a sufficiently strong magnetic field. Turning fre-
quency of the microspheres was measured with a test
platform built with a halogen light source, a spectrometer
and a rotating magnet unit with geared DC motor. The
rotating plate with NS and SN magnets standing alter-
nately will produce a periodical vertical (1100-1200
Gauss) and horizontal magnetic field (300-400 Gauss),
whose frequency can be simply controlled by the rotating
speed of the plate.

[0064] FIG. 10 shows the diffraction of microspheres
in a 1.22 and 3.33 Hz vertical/horizontal alternating mag-
netic field, demonstrating that the photonic microspheres
can be rotated quickly. It can be noted that the rotating
amplitude gradually decreases with the increase of turn-
ing frequency, primarily due to the relatively weak hori-
zontal field strength. In addition, it can be appreciated
that when the frequency is higher than approximately 7
Hz, the rotation of microspheres cannot catch up with the
external field variation so that they seem to simply vibrate
around the vertical state and the diffraction remains on
all the time. In accordance with an exemplary embodi-
ment, the switching frequency can be further improved
when the microspheres are dispersed in a less viscous
solvent or tuned in magnetic fields with higher strengths.
[0065] In accordance with an exemplary embodiment,
the incorporation of photonic crystals into microspheres
allows tuning of the photonic property by simply control-
ling the sphere orientation, making it very convenient to
create bistable states that are required for a plurality of
applications such as displays. For example, a simple
switchable color display system in which the color infor-
mation can be re-written multiple times by means of the
magnetic field. The basic idea is to create bistable states
by embedding the microspheres into a matrix that can
be switched between liquid and solid states.

[0066] In accordance with an exemplary embodiment,
long chain hydrocarbons and short chain polymers, such
as paraffin and poly(ethylene glycol), have melting points
slightly above room temperature. When heated, the ma-
trix material melts, allowing the display of colors by align-
ing the microspheres using magnetic fields. When the
system is cooled to room temperature, the matrix solid-
ifies and the orientation of microspheres is frozen so that
the color information remains for long time without the
need of additional energy. It can be appreciated that an
external magnetic field can not alter their color once the
orientation of microspheres is fixed by the matrix. Re-
heating the matrix materials, however, will erase the par-
ticular color by randomizing the orientation of the micro-
spheres or by magnetically reorienting the microspheres
to a completely "off" state.

[0067] FIG. 11 shows three examples of such displays
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fabricated by embedding the microspheres in polyethyl-
ene glycol (PEG, Mw=1500) films, which can be melted
at approximately 46°C. The comparison of digital photos
and reflection spectra clearly demonstrates two stable
diffractive states at room temperature, suggesting the
possible applications of such systems as economical and
rewriteable color display units.

[0068] Itcan be appreciated thatthe magnetochromat-
ic microspheres can be prepared through a simultaneous
magnetic assembly and UV curing process in an emul-
sion system. In accordance with an exemplary embodi-
ment, superparamagnetic Fe;0,@SiO, colloidal parti-
cles are self-organized into ordered structures inside
emulsion droplets of UV curable resin, followed by an
immediate UV curing process to polymerize the droplets
and fix the ordered structures. In addition, it can be ap-
preciated that by rotating the microspheres, the orienta-
tion of the magnetic chains can be controlled, and thereby
the diffractive colors. In addition, a plurality of copies of
the microspheres can be produced using the process,
and can be tuned by external fields to collectively display
uniform colors. The excellent stability, good compatibility
with dispersion media, and the capability of fast on/off
switching of the diffraction by magnetic fields, also make
the system suitable for applications such as color dis-
plays, signage, bio- and chemical detection, and mag-
netic field sensing.

[0069] In accordance with an exemplary embodiment,
as the size of the magnetite particle increases, the color
red shifts (or the diffraction wavelength increases). As
the thickness of the silica coating increases, the color red
shifts (or the diffraction wavelength increases). As the
magnetic field strength increases, the color blue shifts
(or the diffraction wavelength decreases). However, it
can be appreciated that the color or the diffraction wave-
length is determined by not only the magnetite particle
size, the silica coating (or coating medium), and magnetic
field strength, but also many other parameters such as
the chemical nature of the resin, the surface charge of
the particle surface, and the additives.

[0070] In accordance with an exemplary embodiment,
the relation of the colors (Red, Green & Blue) to the three
parameters (size of magnetite particle, thickness of silica
coating, magneticfield strength)is as follows, as the over-
all size of Fe30,4/SiO, colloids increase from about 120
nm to 200 nm, the color shifts from blue to red. As the
magnetic field strength increase, the color would blue
shift. In accordance with an exemplary embodiment, the
magnetic field preferably is in the range of approximately
100 Gauss to approximately 400 Gauss. It can also be
appreciated that as the amount of magnetic content with-
in a composite, which is defined as magnetic density, the
more magnetic content (Fe;0,), less magnetic field is
required to rotate the microspheres.

[0071] In the accordance with an exemplary embodi-
ment, the method and systems as disclosed herein, mi-
crospheres can be incorporated into a display device
wherein very small quanta of microspheres can be locally
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manipulated to change color or to create on-off color us-
ing an integrated micromagnetic actuator to produce lo-
cal magnetic flux in the area from several to tens of mi-
crometers. For example, exemplary methods and devic-
es for actuating microspheres includes those described
in Chong H. Ahn and Mark G. Allen, A Fully Integrated
Micromagnetic Actuator With A Multilevel Meander Mag-
netic Core, in "Solid-State Sensor and Actuator Work-
shop, 1992. 5th Technical Digest., IEEE", 1992, page
14-18; and Yae Yeong Park; Han, S.H.; Allen, M.G,,
Batch-fabricated microinductors with electroplated mag-
netically anisotropic and laminated alloy cores, IEEE
Transactions on Magnetics, 1999, 35, 4291-4300; (3) J.
Park, S. Han, W. Taylor, and M. Allen, "Fully integrated
micromachined inductors with electroplated anisotropic
magnetic cores," in IEEE 13th Applied Power Electron.
Conf. Anaheim, CA, 1998, disclose examples of micro-
scale devices.

[0072] In accordance with another embodiment, it can
be appreciated that the ordered structures in the micro-
magnetospheres are composed of parallel ID chains of
magnetite crystals, their spacing determined by the bal-
ance of the attractive and repulsive forces, which in turn
are affected by the external magnetic field. In addition, it
can be appreciated that the colors exhibited by the mag-
netite crystals in solution, or fixed, are created by the
ordered structures described above (1D chains).
[0073] It will be understood that the foregoing descrip-
tion is of the preferred embodiments, and is, therefore,
merely representative of the article and methods of man-
ufacturing the same. It can be appreciated that many
variations and modifications of the different embodi-
ments in light of the above teachings will be readily ap-
parent to those skilled in the art. Accordingly, the exem-
plary embodiments, as well as alternative embodiments,
may be made without departing from the and scope of
the articles and methods as set forth in the attached
claims.
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Claims

A method of creating colored materials comprising
ordered structures within magnetochromatic micro-
spheres, the method comprising:

coating a plurality of magnetite nanocrystals
with a surface medium;

dispersing the plurality of coated magnetite na-
nocrystals in a ultraviolet (UV) curable solution;
placing the magnetite nanocrystals and the UV
curable solution in animmiscible solution to form
an emulsion;

exposing the emulsion to an external magnetic
field, which aligns the coated magnetite nanoc-
rystals in one-dimensional chains within emul-
sion droplets within the curable solution;
curing the emulsion droplets within the curable
solution into magnetochromatic microspheres
containing parallel chains of crystals by expos-
ing the curable solution to a UV illumination
source;

wherein the step of exposing the curable solu-
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tion to the UV illumination source fixes the or-
dered structures within the microspheres;
immersing the microspheres in a phase-
changeable matrix, the phase-changeable ma-
trix having a liquid phase and a solid phase; and
converting the phase-changeable matrix from
the liquid phase to the solid phase, thus fixing
the orientation of the microspheres within the
solid phase of the phase-changeable matrix.

The method of Claim 1, further comprising wherein
when the matrix is the liquid phase, adjusting an an-
gle of the external magnetic field to change an ori-
entation of the microspheres, and wherein the ori-
entation of the microspheres are fixed when the ma-
trix goes to the solid phase.

The method of Claim 1, wherein the surface medium
is silica, or wherein the surface medium is titania
(titanium oxide), polystyrene and/or polymethyl-
methacrylate; and

wherein the curable solution is polyethyleneglycol
diacrylate (PEGDA) and a photo inhibitor 2,2-
Dimethoxy-2-phenylacetophenone (DMPA), or
wherein the curable solution is ethoxylated trimeth-
ylolpropane triacrylate (ETPTA), and/or polyethyl-
eneglycol diacrylate (PEGDA) of various molecular
weights (e.g., Mw: 258, 575, and 700).

The method of Claim 1, wherein the immiscible liquid
is a viscous non-polar solvent, or wherein the immis-
cible liquid is mineral oil, silicone oil, and/or paraffin
oil.

The method of Claim 2, wherein the phase-change-
able matrix is a polyethylene glycol (PEG) film, or
wherein the phase-changeable matrix is paraffin,
long-chain alkanes, esters, primary alcohols and/or
a non-crosslinked polymers such as polyethylene,
poly(ethylene oxide), polyethylene-block-poly(ethyl-
ene glycol) and/or polyesters.

A magnetochromatic composition formed by any of
the preceding claims, wherein the composition is
used for a color display, or wherein the composition
is used for signage, or wherein the composition is
used for bio and chemical detection, or wherein the
composition is used for magnetic field sensing.

A method according to any of claims 1-5 comprising:

a simultaneous magnetic assembly and UV cur-
ing process of an emulsion system comprised
of superparamagnetic Fe;O0,@SiO, colloidal
particles, which are self-organized into ordered
structures inside emulsion droplets of UV cura-
ble resin, wherein the ordered structures are
fixed by an immediate UV curing process to po-
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32

lymerize the droplets; and

optionally further comprising rotating the micro-
spheres using an external magnetic field to
change the orientation of the magnetic chains
and thereby the diffractive colors of the micro-
spheres.

The method of Claim 1, wherein the plurality of mag-
netite nanocrystals coated with a surface medium
are superparamagnetic Fe;0,@SiO, colloidal par-
ticles.

The method of claim 1, wherein the phase-change-
able matrix can be reversibly switched between the
liquid phase and the solid phase.

The method of claim 1, wherein the diameter of the
microspheres is in the range of from 10 pum to 100
pm.

Patentanspriiche

1.

Verfahren zur Herstellung farbiger Materialien, die
geordnete Strukturen innerhalb magnetochromati-
scher Mikrokugeln aufweisen, wobei das Verfahren
umfasst:

eine Vielzahl von Magnetit-Nanokristallen mit ei-
nem Oberflachenmedium beschichten; eine
Vielzahl von beschichteten Magnetit-Nanokris-
tallen in einer durch ultraviolettes (UV) Licht
hartbaren Lésung dispergieren;

die Magnetit-Nanokristalle und die durch UV-
Licht hartbare Lésung zur Bildung einer Emul-
sion in eine nicht mischbare Losung geben;
die Emulsion einem externen Magnetfeld aus-
setzen, das die beschichteten Magnetit-Nano-
kristalle innerhalb der Emulsionstrépfcheninder
hartbaren Losung in eindimensionalen Ketten
ausrichtet;

die Emulsionstrépfcheninder hartbaren Lésung
zu magnetochromatischen Mikrokugeln mit pa-
rallelen Kristallketten ausharten, indem die aus-
hartbare Lésung einer UV-Beleuchtungsquelle
ausgesetzt wird;

wobei der Schritt, die hartbare Losung einer UV-
Beleuchtungsquelle auszusetzen, die geordne-
ten Strukturen innerhalb der Mikrokugeln fixiert;
die Mikrokugeln in eine phasenveranderbare
Matrix eintauchen, wobei die phasenverander-
bare Matrix eine flissige Phase und eine feste
Phase aufweist; und

die phasenveranderbare Matrix von der flissi-
gen Phase in die feste Phase wandeln, wodurch
die Ausrichtung der Mikrokugeln in der festen
Phase der phasenveranderbaren Matrix festge-
legt wird.
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Verfahren gemal Anspruch 1, ferner umfassend,
den Winkel des externen Magnetfeldes so einstel-
len, dass die Ausrichtung der Mikrokugeln geandert
wird, wenn sich die Matrix in der flissigen Phase
befindet und wobei die Orientierung der Mikrokugeln
fixiert wird, wenn die Matrix in die feste Phase tber-
geht.

Verfahren gemall Anspruch 1, wobei das Oberfla-
chenmedium Siliciumdioxid ist oder wobei das Ober-
flachenmedium Titandioxid, Polystyrol und/oder Po-
lymethylmethacrylat ist; und

wobei die hartbare Lésung Polyethylenglykoldi-
acrylat (PEGDA) und ein Photoinhibitor 2,2-Dime-
thoxy-2-Phenylacetophenon (DMPA) ist oder wobei
die hartbare Losung ethoxyliertes Trimethylolpro-
pantriacrylat (ETPTA) und/oder Polyethylenglykol-
diacrylat (PEGDA) mit verschiedenen Molekularge-
wichten (z.B. einem Molekulargewicht von 258, 575
oder 700) ist.

Verfahren gemaf Anspruch 1, wobei die nicht misch-
bare Flussigkeit ein viskoses unpolares Lésungsmit-
tel ist oder wobei die nicht mischbare Flussigkeit Mi-
neraldl, Silikondl und/oder Paraffinol ist.

Verfahren gemaf Anspruch 2, wobei die phasenver-
anderbare Matrix ein Film aus Polyethylenglycol
(PEG)istoderwobeidie phasenveranderbare Matrix
aus Paraffin, langkettigen Alkanen, Ester, primaren
Alkoholen und/oder nicht vernetzten Polymeren wie
Polyethylen, Poly(ethylenoxid), Polyethylen-Block-
Poly(ethylenglycol) und/oder Polyester besteht.

Magnetochromatische Zusammensetzung, die ge-
maf einem der vorhergehenden Anspriiche gebildet
wurde, wobei die Zusammensetzung fir ein Farb-
display verwendet wird oder wobei die Zusammen-
setzung fir Beschilderungen verwendet wird oder
wobei die Zusammensetzung fiir einen biologischen
oder chemischen Nachweis verwendet wird oder
wobei die Zusammensetzung zur Magnetfeldmes-
sung verwendet wird.

Verfahren gemaf einem der Anspriiche 1 bis 5, um-
fassend:

ein Emulsionssystem aus superparamagneti-
schen Fe;0,@SiO,-Kolloidteilchen, die sich in-
nerhalb von Emulsionstropfchen aus UV-hart-
barem Harz in selbstorganisierten geordneten
Strukturen befinden, gleichzeitig magnetisch
zusammensetzen und unter UV-Licht aushar-
ten, wobei die geordneten Strukturen durch ei-
nen sofortigen UV-Aushartungsprozess zur Po-
lymerisation der Trépfchen fixiert werden; und
ferner gegebenenfalls umfassend, die Mikroku-
geln unter Verwendung eines externen Magnet-
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felds drehen, um die Orientierung der Magnet-
ketten und dadurch die Beugungsfarben der Mi-
krokugeln zu &ndern.

Verfahren gemal Anspruch 1, wobei eine Vielzahl
der mit einem Oberflachenmedium beschichteten
Magnetit-Nanokristalle superparamagnetische
Fe;0,@SiO,-Kolloidteilchen sind.

Verfahren gemaf Anspruch 1, wobei die phasenver-
anderbare Matrix reversibel zwischen der flissigen
Phase und der festen Phase geschaltet werden
kann.

Verfahren gema Anspruch 1, wobei der Durchmes-
ser der Mikrokugeln zwischen 10 pm und 100 pm
liegt.

Revendications

Un procédé de création de matériaux colorés com-
prenant des structures ordonnées dans des micros-
phéres  magnétochromatiques, le  procédé
comprenant :

le fait de revétir une pluralité de nanocristaux de
magnétite d’'un milieu de surface ;

la dispersion de la pluralité de nanocristaux de
magnétite revétus dans une solution durcissa-
ble aux ultraviolets (UV) ;

le placement des nanocristaux de magnétite et
de la solution durcissable aux UV dans une so-
lution immiscible pour former une émulsion ;
I'exposition de I'émulsion a un champ magnéti-
que externe, qui aligne les nanocristaux de ma-
gnétite revétus en chaines unidimensionnelles
dans des gouttelettes d’émulsion dans la solu-
tion durcissable ;

le durcissement des gouttelettes d’émulsion
dans la solution durcissable en microsphéres
magnétochromatiques contenant des chaines
paralleles de cristaux en exposant la solution
durcissable a une source d’éclairage UV ;
dans lequel I'étape consistant a exposer la so-
lution durcissable a la source d’éclairage UV fixe
les  structures ordonnées dans les
microsphéres ;

I'immersion des microsphéres dans une matrice
a changement de phase, la matrice a change-
ment de phase ayant une phase liquide et une
phase solide ; et

la conversion de la matrice a changement de
phase de la phase liquide a la phase solide,
fixant ainsi I'orientation des microsphéres dans
la phase solide de la matrice a changement de
phase.
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Le procédé selon la revendication 1, comprenant en
outre, dans lequel lorsque la matrice est la phase
liquide, I'ajustement d’'un angle du champ magnéti-
que externe pour changer une orientation des mi-
crospheres, et dans lequel I'orientation des micros-
phéres est fixée lorsque la matrice passe en phase
solide.

Le procédé selon la revendication 1, dans lequel le
milieu de surface est de la silice, ou dans lequel le
milieu de surface est du dioxyde de titane (oxyde de
titane), du polystyréne et / ou du polyméthacrylate
de méthyle ; et

dans lequel la solution durcissable est du diacrylate
de polyéthyleneglycol (PEGDA) et un photoinhibi-
teur 2,2-diméthoxy-2-phénylacétophénone (DM-
PA), ou dans lequel la solution durcissable est du
triacrylate de triméthylolpropane éthoxylé (ETPTA),
et /ou du diacrylate de polyéthyléneglycol (PEGDA)
de poids moléculaires divers (p. ex. Pm : 258, 575,
et 700).

Le procédé selon la revendication 1, dans lequel le
liquide immiscible est un solvant non polaire vis-
queux, ou dans lequel le liquide immiscible est une
huile minérale, une huile de silicone et/ ou une huile
de paraffine.

Le procédé selon la revendication 2, dans lequel la
matrice a changement de phase est un film de po-
lyéthyléne glycol (PEG), ou dans lequel la matrice a
changementde phase estune paraffine, des alcanes
a longue chaine, des esters, des alcools primaires
et/ ou des polymeéres non réticulés tels que le poly-
éthylene, le poly(oxyde d’éthyléne), le polyéthyléne-
bloc-poly(éthylene glycol) et / ou des polyesters.

Une composition magnétochromatique formée se-
lon I'une quelconque des revendications précéden-
tes, dans laquelle la composition est utilisée pour un
affichage en couleur, oudans laquelle la composition
est utilisée pour la signalisation, ou dans laquelle la
composition est utilisée pour la détection biologique
et chimique, ou dans laquelle la composition est uti-
lisée pour la détection de champ magnétique.

Un procédé selon I'une quelconque des revendica-
tions 1 a 5 comprenant :

un procédé d’assemblage magnétique simulta-
né et de durcissement aux UV d’'un systéme
d’émulsion constitué de particules colloidales
Fe;0,@SiO, superparamagnétiques, qui sont
auto-organisées en structures ordonnées a l'in-
térieur de gouttelettes d’émulsion de résine dur-
cissable aux UV, dans lequel les structures or-
données sont fixées par un procédé de durcis-
sement aux UV immédiat pour polymériser les
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gouttelettes ; et

éventuellement comprenant en outre la rotation
des microspheres en utilisant un champ magné-
tique externe pour changer l'orientation des
chaines magnétiques et ainsi les couleurs dif-
fractives des microsphéres.

Le procédé selon la revendication 1, dans lequel la
pluralité de nanocristaux de magnétite revétus d’un
milieu de surface sont des particules colloidales
Fe;0,@SiO, superparamagnétiques.

Un procédé selon la revendication 1, dans lequel la
matrice a changementde phase peut étre commutée
de maniére réversible entre la phase liquide et la
phase solide.

Le procédé selon la revendication 1, dans lequel le
diameétre des microsphéres est dans la plage de 10
pm a 100 pm.
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